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Abstract

Background: Allogeneic stem cell transplant (allo-SCT) is a main-
stay of treatment for acute myeloid leukemia (AML). Its success 
depends largely on response of donor T lymphocytes against leuke-
mia cells, known as graft-vs-leukemia (GvL) effect. A key potential 
driver of GvL is immune response to mutation-derived neoantigens. 
Previous studies in solid tumors have demonstrated enhanced immu-
nogenicity of frameshift (FS)-derived peptides vs. those from non-
synonymous single nucleotide variants (SNVs). We therefore hypoth-
esized that AML cases bearing FS mutations in leukemia-associated 
genes would be more immunogenic than those with only other types 
of mutations (non-FS), and thus benefit more from allo-SCT via more 
robust GvL.

Methods: We identified AML patients who had undergone allo-SCT 
between 2010 and 2022 and had next-generation sequencing data 
available on diagnostic specimens using a 42-gene hot spot panel. 
We compared the impact of tumor mutations present at diagnosis on 
overall survival and relapse-free survival based on FS versus non-FS 
status.

Results: Ninety-five AML allo-SCT patients were identified. We ob-
served superior relapse-free survival (P = 0.038, hazard ratio (HR): 
0.24) and borderline superior overall survival (P = 0.058, HR: 0.55) 
post-transplant in de novo AML patients, who had at least one FS mu-
tation (other than NPM1) in one of the 42 assessed genes versus those 
with only non-FS mutations.

Conclusions: Our findings suggest that FS-mutated AML cases may 
benefit more from allo-SCT than those with only non-FS mutations, 
possibly due to increased generation of immunogenic neoepitopes. If 
validated in an expanded study, incorporation of somatic FS mutation 
status in AML could improve patient selection algorithms for bone 
marrow transplant and thereby lead to superior outcomes.
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neic; TMB

Introduction

Acute myeloid leukemia (AML) can be a rapidly fatal disease 
for which allogeneic stem cell transplant (allo-SCT) offers 
the only chance of cure. The success of allo-SCT, in which 
a patient’s hematopoietic stem cells are replaced with those 
of an allogeneic donor, hinges in great part on the immune 
response of donor T lymphocytes against leukemia cells (graft-
vs-leukemia (GvL) effect). Unfortunately, donor T cells can 
also damage non-leukemic tissue in the host (graft-vs-host 
disease (GvHD)) [1]. This raises the question: Which specific 
leukemia cases have characteristics that make them maximally 
vulnerable to GvL effect while minimizing GvHD?

The answer to this question may be informed by the three 
types of antigens against which donor T lymphocytes act. 
These are: major histocompatibility antigens, minor histocom-
patibility antigens, and cancer-specific neoepitopes [2]. Major 
histocompatibility antigens and minor histocompatibility an-
tigens are present on both host cells and neoplastic cells and 
therefore serve as targets for both GvHD and GvL effects. 
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Cancer-specific neoepitopes, on the other hand, are present 
only on the neoplastic cells, so immune response against these 
antigens would almost exclusively target tumor cells while 
producing relatively little damage to non-neoplastic host tis-
sue (thereby avoiding on-target, off-tumor toxicity). It would 
seem then that neoepitope-rich leukemias should benefit from 
relatively greater GvL-specific effect than cancers with rela-
tively fewer neoepitopes.

There are several mutational mechanisms that may gener-
ate neoepitopes. These include copy number variations, trans-
locations, nonsense mutations giving rise to stop codons, mis-
sense mutations, and frameshift (FS) mutations. Any of these 
mutations can incite immune attack through altered protein ex-
pression, but they are not all equivalent in their ability to do so. 
Consider a missense mutation for instance. A missense causes 
a substitution in just a single amino acid and would therefore 
have a relatively low probability of causing the display of an 
immunogenic peptide. FS mutations by contrast can gener-
ate long novel peptide strings distal to the site of mutation. 
The amino acid sequence in these peptides would of course be 
“foreign” and would contain many potentially immunogenic 
targets. Hence, one would expect FS mutations to induce a 
more robust immune response than other types of mutations. 
In fact, previous studies in solid tumors have demonstrated the 
enhanced immunogenicity of FS-derived proteins vs. others in 
various cancer types [3-5]. Sena et al for example established 
much stronger correlation of FS proportion than overall tumor 
mutation burden (TMB) for response of prostate cancer to pro-
grammed death ligand-1 (PD-L1) inhibitors [6].

We might therefore predict that AML cases bearing rela-
tively higher numbers of FS mutations would be more immu-
nogenic than those with fewer and thus be more responsive to 
treatment with allo-SCT through more vigorous GvL effect. 
We sought to test this hypothesis by exploring the impact of 
FS mutations (≥ 1) as detected by a hot spot next-generation 
sequencing (NGS) panel (42 total genes in the currently used 
test) on post-transplant outcomes. As at other institutions, 
NGS to assess for mutations in commonly altered oncogenes 
and tumor suppressors is routinely performed on diagnostic 
and follow-up specimens of patients with AML at UMass. We 
retrospectively reviewed our electronic medical record (EMR) 
for patients who had undergone allo-SCT for AML and as-
sessed the impact of tumor mutations present at diagnosis on 
overall survival (OS) and relapse-free survival (RFS), based 
on FS versus no FS status to determine whether the former 
would preferentially benefit more from allo-SCT.

Materials and Methods

This study protocol was reviewed and approved by the UMass 
Medical School Institutional Review Board (IRB) (approval 
number 0014). This study was conducted in compliance with 
the ethical standards of the responsible institution on human 
subjects as well as with the Helsinki Declaration.

With UMass IRB approval, we searched our institutional 
EMR for patients with AML, who had undergone allo-SCT be-
tween 2009 and 2022 and had NGS data available on diagnos-

tic specimens using a 42-gene hot spot panel. Diagnostic bone 
marrow or peripheral blood specimens were sequenced via the 
CTMP version 3, 42 gene myeloid panel on an Ion Torrent 
PGM next-generation sequencer. Somatic mutations in diag-
nostic specimens were called based on tier 1 (pathogenic) or 
tier 2 (likely pathogenic) mutations at variant allele frequen-
cies (VAFs) ≥ 2%. NPM1 and FLT3 mutation status was tested 
in the diagnostic specimens of all patients using polymerase 
chain reaction (PCR) fragment analysis. Via the Kaplan-Meier 
method, we analyzed and compared the impact of tumor muta-
tions present at diagnosis on OS and RFS based on FS versus 
no FS status. The FS group was defined as having at least one 
frameshifted gene other than NPM1. The non-FS group had no 
non-NPM1 FSs in any of the 42 assessed genes. Relapse was 
defined by more than 5% bone marrow blasts or reappearance 
of circulating blasts after a documented complete remission. 
OS was defined as the interval between day of allo-SCT and 
day of death or last follow-up. α was set at 0.05 to assess for 
statistical significance.

Results

We identified 95 patients with AML (patient and transplant 
characteristics were shown in Table 1) who had at least one 
mutation detected by NGS or PCR fragment analysis (for 
FLT3-ITD and NPM1). Frameshifted genes identified in-
cluded RUNX1, WT1, TP53, BCOR, CEBPA, ETV6, STAG2, 
PHF6, ZRSR2, TET2, EZH2, ASXL1 and NPM1 (Table 2). 
Non-FS mutations included RUNX1, TET2, BCOR, ASXL1, 
WT1, STAG2, ETV6, ZRSR2, CEBPA, TP53, PHF6, EZH2, 
FLT3, NRAS, DNMT3A, IDH2, IDH1, PTPN11, SRSF2, CBL, 
U2AF1, SETBP1, JAK2, SF3B1, JAK3, KIT. Patients includ-
ed 78 with de novo leukemia and 17 with secondary AML 
(nine in the FS group and eight in the non-FS group (P = 
0.25, not significant (NS)). FS patients showed a significant-
ly higher proportion of National Comprehensive Cancer Net-
work (NCCN)-defined adverse risk disease than non-FS pa-
tients (P = 0.011). TP53 mutations specifically included two 
FSs and nine non-FSs (P = 0.20, NS). Thirty-four patients 
had at least one gene bearing exclusively FS mutations. Fif-
ty-seven patients had no FS other than NPM1. Four patients 
with FSs had overlapping non-synonymous single nucleotide 
variants (SNVs) in all identified frameshifted genes. This last 
group was excluded from analysis. The median age was 65 
(interquartile range (IQR): 55 - 72) years in the FS group 
and 62 (IQR: 49 - 69) in the non-FS group. Median follow-
up time for the FS group was 79.4 months, and 74.9 months 
for the non-FS group. Among patients for whom GvHD data 
were available (n = 66), acute or chronic GvHD occurred at 
similar frequencies in the non-FS (n = 18/38, 47%) and FS (n 
= 15/28, 54%) groups (P = 0.62).

Survival of all patients (including both primary and sec-
ondary AML)

Median OS was 72.1 months for patients who had at least one 
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exclusively frameshifted gene (n = 34) other than NPM1 vs. 
12.9 months for other patients (n = 57). On univariate analy-
sis, the hazard ratio (HR) for OS was 0.59 (confidence inter-
val (CI): 0.35 - 0.97, P = 0.042) in favor of the frameshifted 
group (Table 3, Fig. 1). The HR for RFS was 0.55 (CI: 0.23 
- 1.30) which was not significant (P = 0.20) (Fig. 2). Multi-
variate analysis (Table 4) extends the significance of the OS 
advantage in the FS group (HR: 0.49 (0.26 - 0.87), P = 0.018). 
RFS in this all-inclusive group (primary and secondary) after 
adjusting for relevant factors (including age, NCCN biologi-
cal risk category, de novo vs. secondary disease, presence/ab-
sence of GvHD) was still not significant but approached more 
closely (HR: 0.42 (0.16 - 1.09), P = 0.08). Additionally of note, 
secondary AML showed significantly higher risk for mortality 
(2.3 (1.18 - 4.46), P = 0.014) and relapse (4.12 (0.51 - 12.3), P 
= 0.006) than de novo AML in our cohort.

Survival among patients with de novo AML

When analysis was restricted to patients with de novo disease, 
post-transplant RFS was significantly better (HR: 0.24 (CI: 0.08 
- 0.68), P = 0.039) in the FS group (Fig. 3). Median OS was 100 

months for patients who had at least one gene with FS mutations 
(n = 26) other than NPM1 vs. 33 months for other patients (n = 
49). The HR for OS was 0.55 (CI: 0.30 - 1.02) with borderline 
significance (P = 0.058) (Fig. 4) in univariate analysis. When 
adjusting for relevant factors with multivariate analysis, both 
RFS (HR: 0.16 (0.03 - 0.79), P = 0.024) and OS (HR: 0.45 (0.22 
- 0.92), P = 0.028) were significantly better in the FS group.

Survival of RUNX1 FS vs. non-FS

Additionally, among de novo AML patients with RUNX1 mu-
tations (n = 16) specifically, those with frameshifted RUNX1 
(n = 11) demonstrated superior overall post-transplant survival 
(HR: 0.21, P = 0.042) to those who harbored non-frameshifted 
RUNX1 (n = 5) (Fig. 5). Other mutations occurred with insuf-
ficient frequency to individually compare FS vs. non-FS sur-
vival effects at the level of single genes.

Discussion

In summary, in our cohort, among all AML transplant patients, 

Table 1.  Demographics and Disease Characteristics

Variables No frameshift ≥ 1 non-NPM1 frameshift P value
Age (median) 62 (IQR: 49 - 69) 65 (IQR: 55 - 72) 0.57
Disease risk category (NCCN) 0.011*
Favorable; n (%) 11 (11) 9 (16) 2 (5)
Intermediate 29 (31) 22 (38) 7 (18)
Adverse 55 (58) 26 (45) 29 (76)
Transplant type 0.17
MUD 27 (63) 15 (48) 12(75)
MSD 8 (19) 7 (23) 1 (11)
Cord 8 (19) 5 (16) 3 (19)
Haploidentical 4 4 (13) 0 (0)
Missing 48 26 22
Conditioning regimen 0.61
High-dose mitoxantrone and Ara-C 16 (66) 9 (56) 7 (88)
IV arsenic 1 (4) 1 (6) 0 (0)
Cyclophosphamide and etoposide 1 (4) 1 (6) 0 (0)
Clofarabine 1 (4) 1 (6) 0 (0)
HiDAC 5 (21) 4 (25) 1 (12)
Missing 71 41 29
Morphologic residual disease at transplant 8/27 (30) 6/18 (33) 2/9 (22) 0.55
Missing 68 40 28
GvHD 33/66 (50) 18/38 (47) 15/28 (54) 0.62
De novo AML 78 (82) 50 (86) 28 (76) 0.25
Secondary AML 17 (18) 8 (14) 9 (24) 0.25

*P < 0.05. NCCN: National Comprehensive Cancer Network; IQR: interquartile range; MUD: matched unrelated donor; MSD: matched sibling donor; 
IV: intravenous; GvHD: graft-vs-host disease; AML: acute myeloid leukemia; Ara-C: cytarabine; HiDAC: high-dose cytarabine.
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those with at least one FS mutation other than NPM1 showed 
superior post-transplant OS and borderline superior RFS to 
those with other types of mutations. Further, among patients 
with de novo AML, in addition to superior OS, frameshifted 
cases demonstrated significantly longer RFS. Moreover, these 
survival advantages come in spite of the fact that the FS group 
in our cohort includes a significantly higher proportion of 
NCCN-defined biologically adverse risk cases.

The evolutionary fitness of cancer can be crudely viewed 
as directly proportional to its ability to generate diversity 
through mutations and inversely proportional to its propen-
sity to attract the attention of T cell “predators” of the im-
mune system. For malignant cells, FS mutations are an ef-
fective means of knocking out tumor suppressors but could 
increase vulnerability to immune therapy. Turajlic et al have 
demonstrated that FS indel mutations have on average nine 
times the immunogenicity of SNV mutations [4, 7]. Hence 
higher proportions of FS mutations, bearing more mean im-
munogenic potential than SNV, might tip the scales in favor 
of susceptibility to immune therapy. In fact, increased OS and 
PFS have been previously correlated with higher FS propor-
tions in prostate carcinoma and clear cell renal cell carcinoma 
patients on PD-L1 therapy [4, 6]. Allo-SCT is of course in 
great part an immune therapy. It exploits the fact that donor T 
cells, unlike recipient T cells, are not inured to the presence of 
leukemia and will aggressively seek out neoplastic cells. FSs 
generally should make AML more easily recognizable than 
SNV, facilitating leukemia eradication. Our findings appear 
to support this theory, demonstrating a novel correlation be-
tween somatic FS mutations and post-transplant survival for 
patients with AML.

Additionally of interest, FS cases in our cohort demon-
strated similar frequency of GvHD to non-FS cases (P = 0.62). 
This is as would be expected since according to our theory, 
augmented immunity in the FS cases would be neo-antigen 
specific and would have no impact on immune response 
against host tissue.

TMB is of course well known to correlate with response 
to immune therapy in patients with solid tumors and is classi-
cally calculated using whole exome sequencing (WES). WES 
is not practical outside of the research setting, but targeted 
gene panels have been used as an effective surrogate for es-
tablishing TMB in solid tumors [1, 8]. Similar targeted NGS 
panels are already commonly used clinically in the diagno-
sis and characterization of AML [9]. These tests help define 
specific World Health Organization-defined or International 
Consensus Classification (ICC)-defined entities (e.g., AML 
with mutated NPM1), identify therapeutic targets (e.g., FLT3 
and IDH1/2) or help establish the presence of residual dis-
ease post-treatment. In current practice, with respect to AML, 
however, results of NGS are interpreted solely with an eye 
to determining whether a mutation is likely to be pathogenic 
rather than to establish whether or not a mutation may be 
immunogenic. Hence, in the context of AML, FS mutations, 
substitutions, stop codons, etc., are all viewed as more or 
less equivalent as long as they have a meaningful impact on 

Table 3.  Outcome Summary: FS vs. No-FS (Univariate Analysis)

HR (log rank) FS vs. no-FS (CI) P value (log rank) FS vs. no-FS
Overall survival all patients 0.56 (0.34 - 0.95) 0.043
Relapse-free survival all patients 0.55 (0.23 - 1.30) 0.2
Overall survival de novo only 0.55 (0.30 - 1.02) 0.058
Relapse-free survival de novo only 0.24 (0.082 - 0.68) 0.038

FS: frameshift; HR: hazard ratio; CI: confidence interval.

Table 2.  Mutated Genes at Diagnosis With Respective Num-
bers of Frameshift and Non-Frameshift Variants

Gene Frameshifts Non-frameshift variants
NPM1 26 0
RUNX1 13 6
TET2 7 7
BCOR 6 4
ASXL1 4 3
WT1 4 1
STAG2 4 7
ETV6 2 2
ZRSR2 2 2
CEBPA 2 6
TP53 2 9
PHF6 1 6
EZH2 1 3
FLT3 28
NRAS 19
DNMT3A 19
IDH2 14
IDH1 12
PTPN11 11
SRSF2 10
CBL 4
U2AF1 4
SETBP1 4
JAK2 3
SF3B1 3
JAK3 2
KIT 2
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oncogenesis. Vulnerabilities that such mutations may cause 
through enhanced immune recognition are largely ignored, 
and there is relatively little literature on the impact of TMB, 
much less FS burden, on allo-SCT outcomes in AML. Foran 
et al did not note a correlation of TMB in allo-SCT with post-
transplant outcomes. However, their study would have ben-
efitted from a higher sample size and evaluation of FS burden 
[7]. Results of routine clinical NGS testing represent an un-
tapped trove of data with respect to potential immunogenic 
targets in AML.

FS mutations are clearly a heterogeneous group, and 
questions remain with respect to peptide length prior to a stop 
codon, role of nonsense-mediated decay and likelihood of 
peptide display by donor major histocompatibility complex 
(MHC) molecules in individual cases. One major question 
our study raises is why patients with FS mutations other than 
NPM1 generally fared better than those with only NPM1 FS 

(HR: 0.57) though not significant (P = 0.12) in our cohort 
(Supplementary Material 1, www.thejh.org). NPM1 aberra-
tion in the vast majority of cases shows the same 4-bp inser-
tion, thought to be mediated by mistargeted base pair inser-
tion by terminal deoxynucleotidyl transferase (TdT) [10, 11]. 
Prior studies have shown IFN-γ-producing NPM1-mutated-
specific T cells in PB samples obtained in the allo-SCT set-
ting. Importantly, however, human leukocyte antigen (HLA) 
class I alleles, such as B*07, B*18, and B*40, predicted to 
bind potent NPM1-derived immunopeptides, show a reduced 
incidence in the NPM1-mutated AML cases compared to 
healthy subjects and NPM1-wild-type AML patients [12-14]. 
Taken together, these findings suggest that despite potential 
NPM1 immunogenicity, NPM1-positive allo-SCT transplant 
cases may be enriched for patients who lack the HLA mol-
ecules necessary to present them. Further, it may be that the 
product of the NPM1 FS is not on average as immunogenic 

Figure 1. Overall survival based on non-NPM1 frameshift (FS) vs. non-FS status (all patients).

Figure 2. Relapse-free survival based on non-NPM1 frameshift (FS) vs. non-FS status (all patients).
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as other FS mutations are.
Further investigation is certainly required. Mechanistic 

investigations are needed to establish whether the superior 
outcomes we observed in patients with FSs are indeed due to 
immunogenic response to neoepitopes as hypothesized. Immu-
nopeptidome studies to evaluate the capability of host antigen 
presenting cells to present the leukemia-derived neoantigens 
and donor T cells to recognize them would be of great inter-
est. Our study is also limited by relatively small sample size 
and incomplete data regarding disease status and patient per-
formance status at the time of transplant. Still, our data sug-
gest that patients with AML that harbors FS mutations may 

benefit more from allo-SCT than those with only non-FS mu-
tations, possibly due to increased generation of immunogenic 
neoepitopes. If validated in larger studies, incorporation of 
somatic FS mutation status in AML risk stratification models 
could help identify patients in whom allo-SCT would be maxi-
mally beneficial.

Supplementary Material

Suppl 1. Overall survival based on frameshift status (all pa-
tients).

Figure 3. Relapse-free survival based on non-NPM1 frameshift (FS) vs. non-FS status (de novo only).

Table 4.  Outcome and Multivariate Analysis of Relevant Factors

Overall survival Relapse
Hazard ratio P value Hazard ratio P value

All cases
  FS vs. no FS 0.49 (0.26 - 0.87) 0.018* 0.42 (0.16 - 1.11) 0.08
  Age 1.01 (0.99 - 1.03) 0.42 1 (0.97 - 1.03) 0.94
  Disease risk group (NCCN) vs. intermediate
    Favorable 0.98 (0.38 - 2.45) 0.98 0 0.96
    Adverse 1.19 (0.64 - 2.22) 0.58 0.82 (0.29 - 2.3) 0.9
  Secondary AML 2.3 (1.18 - 4.46) 0.014* 4.12 (0.51 - 12.3) 0.006*
  GvHD positive 1.43 (0.84 - 2.43) 0.19 0.81 (0.32 - 2.07) 0.66
De novo only
  FS vs. no FS 0.45 (0.22 - 0.92) 0.028* 0.16 (0.03 - 0.79) 0.024*
  Age 1.01 (0.99 - 1.03) 0.43 1 (0.96 - 1.03) 0.985
  Disease risk group vs. intermediate
    Favorable 1.01 (0.38 - 2.68) 0.99 0 0.95
    Adverse 1.09 (0.55 - 2.18) 0.78 1.54 (0.51 - 4.7) 0.45
  GvHD positive 1.68 (0.91 - 3.1) 0.1 1.28 (0.4 - 4.09) 0.67

*P < 0.05. AML: acute myeloid leukemia; GvHD: graft-vs-host disease.
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